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Abstract 

In  this  work,  we  describe  the  fabrication  of  electrodes  based  on  carbon  nanofibers  (NFC),  bilayer  systems  of  NFC  and  a  commercial  polythiophene 
(PEDOT-PSS),  and  NFC/PEDOT-PSS  composites,  for  symmetric  and  asymmetric  electrochemical  capacitor  (EC)  cells.  The  basic  electrochemical 
characterization  was  carried  out  for  each  electrode  material  by  cyclic  voltammetry  (CV)  using  a  three-electrode  cell  and  a  non-aqueous  electrolyte 
(1  M  LiC104  in  acetonitrile).  We  assembled  two-electrode  cells  using  Swagelok  cells  with  filter  paper  as  the  electrode  separator  with  only  the 
best  electrode  materials  (NFC,  and  bilayer  electrodes),  and  they  were  electrochemically  characterized  by  CV  to  determine  the  working  voltage 
window,  and  galvanostatic  cycling  to  evaluate  the  cycle-life  of  the  symmetric  (NFC-NFC,  NFCP-NFCP)  and  asymmetric  (NFC-NFCP)  cell 
assemblies.  Capacitance  values  were  normalized  by  electrode  area  and  calculated  from  galvanostatic  cycling  experiments.  We  discuss  the  influence 
of  PEDOT-PSS  as  a  dispersing  agent  for  NFCs  and  as  an  electrical  conductivity  enhancer.  Also,  we  found  that  the  asymmetric  cell  configuration 
doubled  the  capacity  in  comparison  to  NFCs  symmetric  cells,  and  the  cycle-life  was  compared  to  the  symmetric  cell  assembled  with  bilayered 
electrodes. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Electrochemical  capacitors  (EC)  are  also  known  as  ultraca¬ 
pacitors,  and  are  devices  that  have  the  ability  to  store  energy. 
The  components  of  ECs  are  similar  to  those  of  a  battery  (two 
electrodes  and  an  electrolyte),  where  the  main  structural  dif¬ 
ference  is  that  in  most  double  layer  capacitors  both  the  pos¬ 
itive  and  negative  electrodes  are  made  of  the  same  material. 
EC  have  more  power  density  than  ordinary  batteries,  and  a 
long  charge-discharge  cycle-life.  Because  of  these  character¬ 
istics  ECs  have  attracted  much  interest  for  applications  where 
high  power  is  required.  Hybrid  systems  of  batteries  or  fuel 
cells  and  ECs  are  needed  for  electric  vehicle  propulsion.  These 
hybrid  systems  are  of  great  interest  for  the  automobile  indus¬ 
try  (Ford,  General  Motors,  Chrysler,  Toyota,  Honda,  Nissan, 
Renault,  etc.),  where  ECs  give  peak  power  during  acceleration 
and  are  recharged  during  braking,  and  the  batteries  or  fuel  cells 
give  the  necessary  energy  for  the  vehicle’s  range.  It  is  important 
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to  underline  the  complementary  nature  of  these  energy  storage 
devices,  and  that  they  must  be  developed  in  parallel  [1]. 

High  surface  carbon  materials  have  been  considered  as 
electrode  materials  for  electrochemical  capacitor  cells.  The 
great  diversity  of  carbon  (as  powders,  fibers,  paper,  nanotubes, 
nanofibers,  aerogels,  and  nanocomposites)  gives  way  to  the 
whole  field  of  research.  Furthermore,  carbon  has  a  relatively 
low  cost,  no  toxicity,  high  chemical  stability  in  various  solu¬ 
tions  and  a  high  thermal  stability  [1].  Based  on  these  materials, 
different  methodologies  have  been  applied  to  increase  their  spe¬ 
cific  area  and  the  performance  for  nanostructured  carbon  [2-4]. 
In  this  way,  introduction  of  electroactive  metallic  particles  or 
conducting  polymers  has  been  carried  out  to  modify  the  pore 
size  distribution,  and  asymmetric  cells  have  been  fabricated  to 
enhance  their  performance.  The  capacitance  of  these  materi¬ 
als  is  given  basically  by  the  double  layer  storage  mechanism. 
Therefore,  the  specific  surface  area  is  a  major  determinant  of 
the  total  device  capacitance.  Thus,  larger  specific  surface  area 
gives  greater  specific  capacitance  C  and  a  greater  specific  energy 
W  (W=  CV2/2,  where  V  is  the  potential).  On  the  other  hand,  the 
resistance  due  to  the  carbon  materials  porosity  is  associated  with 
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the  power  density  P  (P=  Wl  At,  At  is  the  discharge  time,  and 
P=  V/4R,  R  is  the  resistance).  Materials  characterized  by  a  high 
conductivity  and  large  pores  demonstrate  a  high  specific  power. 

Carbon  nanofibers  (NFC)  are  fibers  of  submicron  size 
(50-500  nm  of  diameter  and  50-100  |xm  length)  that  have  a 
graphitic  structure  [4,5].  Unlike  carbon  nanotubes  (CNT),  NFCs 
do  not  have  a  hollow  center  and  they  have  exterior  walls  with 
many  edges.  The  presence  of  a  wide  pore  size  distribution  is 
possible  due  to  these  edges,  resulting  in  a  greater  surface  area 
and  high  capacitances  [1,4].  On  the  other  hand,  conducting 
organic  polymers  such  as  polyacetylene,  polypyrrole,  polyani¬ 
line,  and  polythiophenes,  can  improve  the  energy  density  of 
ECs  through  redox  processes  that  contribute  a  pseudocapaci- 
tive  storage  mechanism  in  addition  to  the  capacitance  of  the 
carbon  material.  Although,  this  storage  mechanism  contributes 
more  to  the  total  capacitance  than  the  double  layer  of  car¬ 
bon  materials,  the  dynamic  characteristics  are  poor.  This  can 
be  observed  when  successive  charge-discharge  cycles  are  car¬ 
ried  out.  Conducting  polymers  suffer  volumetric  changes  on 
intercalation/deintercalation  of  ions  through  cycling,  causing 
their  degradation.  Hence,  in  the  last  few  years  research  in 
composite  materials  based  on  conducting  polymers  and  carbon 
materials  with  high  surface  area  and  good  mesopores  distri¬ 
bution  like  NFCs  and  CNTs  are  being  developed  [3, 4,6-8]. 
The  carbon  mesoporous  structure  gives  mechanical  stability  to 
the  composite  in  a  way  that  adapts  to  the  polymer  volumetric 
changes,  resulting  in  a  more  stable  capacitance  in  successive 
charge-discharge  cycles.  Therefore,  in  this  work,  we  describe 
the  electrode  fabrication  process  based  on  carbon  nanofibers 
with  a  commercial  polythiophene  (PEDOT-PSS).  Furthermore, 
bilayer  and  composite  electrodes  were  electrochemically  char¬ 
acterized  in  a  three-electrode  cell  configuration,  and  in  a  sym¬ 
metric  and  asymmetric  electrochemical  capacitor  cell  with  a 
two-electrode  configuration.  We  have  selected  a  poly  thiophene 
derivative  because  of  its  stability  in  air  and  humidity  [6],  and 
specifically  PEDOT-PSS  due  to  high  electric  conductivity  on  its 
p-dope  stage  and  fast  redox  kinetics.  Finally,  we  electrochemi¬ 
cally  evaluated  the  electrode  fabrication  method  as  well  as  the 
effect  of  a  small  amount  of  conducting  polymer  on  the  capaci¬ 
tance  values. 

2.  Experimental 

2.1.  Reagents 

BAYTRON  P  (PEDOT-PSS)  from  Bayer,  Triton  X-100  and 
propylene  glycol  from  Aldrich,  were  used  according  to  supplier 
specifications.  For  the  electrolyte  preparation  we  used  acetoni¬ 
trile  and  LiC104  from  Aldrich,  which  were  used  according  to 
shipment  specifications.  Carbon  nanofibers  were  provided  by 
Columbian  Chemicals,  Co. 

2.2.  Electrode  fabrication 

NFCs  were  used  to  fabricate  electrodes  by  a  screen-printing 
technique.  A  soft  paste  made  of  NFCs,  propyleneglycol  and  Tri¬ 
ton  X-100  was  use  to  screen  print  over  stainless  steel  substrates 


using  a  T62  mesh.  Rectangular  electrodes,  2.5  cm  x  1.2  cm 
(A  =  3  cm2)  were  used  for  three-electrode  cyclic  voltammetry 
studies  and  circular  electrodes  (diameter  1  cm,  A  =  0.7854  cm2) 
for  two-electrode  studies.  Screen-printed  electrode  was  ther¬ 
mally  treated  using  a  heating  rate  of  100  °Ch-1  up  to  400  °C 
and  maintain  during  1  h.  The  thickness  of  the  electrodes  could 
not  be  measured  by  profilometer  due  to  its  powdery  aspect. 
Nevertheless,  by  weight  difference  we  obtained  5  mg  of  NFCs 
in  rectangular  substrates,  which  corresponds  to  a  mass  den¬ 
sity  of  1.66  mg  cm-2.  Some  of  these  electrodes  were  used  for 
the  deposition  of  PEDOT-PSS  by  a  dip-coating  technique  to 
obtain  a  bilayer  electrode.  The  dip-coating  technique  was  carried 
out  by  immersing  NFC  electrodes  in  concentrated  PEDOT-PSS 
(Baytron  P)  solutions  during  1  h,  followed  by  24  h  of  air-drying. 
These  bilayered  electrodes  were  thermally  treated  at  80  °C  for 
1  h  to  eliminate  loosely  bond  water,  preventing  polymer  degrada¬ 
tion.  The  amount  of  adsorbed  PEDOT-PSS  on  rectangular  elec¬ 
trodes  of  0.6  mg  was  calculated  by  weight  difference  and  cor¬ 
responded  to  0.2  mg  cm-2  of  polymer  film.  On  the  other  hand, 
the  electrode  composite  fabrication  was  carried  out  as  follows: 
10  mg  of  NFCs  and  0.092  mL  of  PEDOT-PSS  were  immersed 
in  an  ultrasound  bath  for  10  min,  then  0.5  mL  of  acetone  was 
added  to  enhance  dispersion  and  an  additional  10  min  ultrasound 
treatment  was  carried  out.  This  suspension  was  then  added  drop 
wise  to  a  rectangular  substrate  obtaining  a  weight  of  5.6  mg, 
equivalent  to  the  bilayer  electrode  composition  elaborated  by 
screen-printing  and  dip-coating  techniques,  and  was  treated  at 
100  °C  for  4  h.  We  have  assigned  the  nomenclature  of  NFCP  for 
the  bilayered  configuration,  and  CNFCP  for  the  composites  elec¬ 
trodes  formed  from  NFCs  and  conducting  polymer  emulsion. 

2.3.  Electrode  characterization 

We  used  a  SEM  JEOL  model  JMS-5400LVTM  to  verify  the 
nanofiber  integrity  over  the  stainless  steel  substrates  after  the 
thermal  treatment.  The  electrochemical  characterization  of  the 
bilayered  and  composite  electrodes  in  a  three-electrode  cell  was 
carried  out  by  cyclic  voltametry,  using  a  Pt  mesh  as  counter 
electrode  and  a  Ag/AgCl  as  reference  electrode  in  a  potentio- 
stat/galvanostat  ZRA  Gamry  model  PCI4/750.  After  the  voltage 
window  was  determined  by  cyclic  voltammetry,  two-electrode 
Swagelok  cells  were  assembled  using  a  filter  paper  as  separator 
and  a  Solartron  potentiostat  model  SI  1287  applying  a  galvano- 
static  cyclic  technique,  were  the  capacitance  was  calculated  by 
multiplying  the  applied  current  intensity  (I)  by  the  charge  or 
discharge  time  it)  of  the  electrochemical  capacitor,  divided  by 
the  used  voltage  window  (2.4  V),  C  =  ItIV.  In  all  electrochemical 
experiments  we  used  1  M  LiCICH  in  acetonitrile  as  electrolyte. 

3.  Results  and  discussion 

In  Fig.  1,  we  show  a  SEM  image  of  NFC  electrodes  ther¬ 
mally  treated  at  400  °C  where  the  scale  bar  corresponds  to  5  |xm, 
resulting  in  fibers  with  diameters  less  than  50  nm.  In  addition, 
the  surface  roughness  of  the  electrode  is  evident,  as  well  as  a 
wide  pore  size  distribution,  and  the  small  carbon  clusters  of  the 
bright  areas. 
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Fig.  1 .  SEM  image  of  CNFs  over  stainless  steel  substrates  thermally  treated  at 
400  °C. 

In  Fig.  2,  we  show  the  cyclic  voltammograms  carried  out  at 
50  mV  s“ 1  for  all  electrode  materials  in  the  optimum  voltage 
window.  NFC  electrode  as  well  as  NFCP  bilayered  electrode 
presented  a  profile  that  resembled  a  good  capacitive  behavior 
characteristic  of  a  double  layered  mechanism,  where  the  bilay¬ 
ered  system  showed  a  more  rectangular  profile  suggesting  less 
ohmic  loss  (greater  conductivity)  and  higher  reversibility.  On 
the  other  hand,  the  profile  of  the  composite  system  (CNFCP) 
showed  lower  currents  and  clearer  Faradaic  processes  («— 0.75 
and  0.75  V).  The  greater  currents  obtained  for  electrodes  fabri¬ 
cated  by  the  screen-printing  technique  (NFC  and  NFCP),  were 
probably  due  to  the  thermal  elimination  of  the  used  surfactants 
(propylene  glycol  and  Triton  X-100)  that  could  induce  a  greater 
porosity  in  the  electrodes  giving  way  to  more  exposed  electroac¬ 
tive  area.  In  contrast,  in  the  composite  electrode  (CNFCP),  both 


V  vs  Ag/AgCI 


Fig.  2.  Cyclic  voltammetry  of  the  three  types  of  electrodes  fabricated  (NFC, 
NFCP,  CNFCP),  using  1  M  OCIO4  in  acetonitrile  as  the  electrolyte,  and  a  Pt 
mesh  as  counter  electrode. 


Fig.  3.  Cyclic  voltammetry  at  50  mV  s'  1  in  two-electrode  Swagelok  cells.  Sym¬ 
metric  and  asymmetric  electrochemical  capacitor  cells,  using  a  non-aqueous 
electrolyte  ( 1  M  LiClC>4  in  acetonitrile). 


components  are  dispersed  but  are  more  compacted  since  no  sur¬ 
factants  were  used. 

We  assembled  two-electrode  cells  using  circular  electrodes 
made  by  a  screen-printing  technique  over  stainless  steel  sub¬ 
strates.  Only  NFC  and  NFCP  electrodes  were  used  to  assemble 
symmetric  and  asymmetric  cells,  since  the  composite  electrode 
showed  poorer  results.  In  Fig.  3,  we  show  the  cyclic  voltam¬ 
mograms  of  symmetric  and  asymmetric  two-electrode  cells. 
Symmetric  cells  were  assembled  with  the  same  material  in 
both  electrodes  (NFC-NFC  and  NFCP-NFCP),  while  in  the 
case  of  asymmetric  cells  were  assembled  with  different  elec¬ 
trodes  (NFC-NFCP).  These  voltammograms  were  carried  out 
to  determine  the  voltage  window  in  which  the  electrochemical 
capacitor  cells  should  be  cycled,  aside  from  their  profiles  differ¬ 
ences.  The  optimum  voltage  window  for  these  cells  was  ±  1 .25  V 
(AV=2.5  V)  were  no  electrolyte  decomposition  was  observed 
and  a  good  reversibility  was  observed.  NFC-NFC  (symmetric) 
and  NFC-NFCP  (asymmetric)  cells  presented  a  rectangular  pro¬ 
file,  where  the  symmetric  cell  (NFC-NFC)  resulted  in  lower 
current  values  (±0.2  mA)  and  the  asymmetric  cell  (NFC-NFCP) 
in  current  values  intermediate  compared  to  the  other  two  cells. 
On  the  other  hand,  NFCP-NFCP  symmetric  cell  assembled  with 
bilayered  electrodes  showed  higher  current  values  (±0.8  mA), 
and  its  rectangular  voltammogram  profile  revealed  additional 
peaks  at  —0.45/— 0.14  V  and  0.10/0.40  V  most  probably  due 
to  the  polymer  presence.  Since  the  voltammograms  profiles  of 
Fig.  2  (three-electrode)  were  similar  for  NFC  and  NFCP  elec¬ 
trodes,  we  assume  that  the  additional  peaks  observed  in  Fig.  3  for 
NFCP-NFCP  symmetric  cell  are  related  with  a  higher  carbon 
surface  area  exposed  and  to  a  higher  electric  conductivity  due  to 
the  polymer  as  already  mention  in  Fig.  2.  Also,  we  assume  that 
when  we  use  the  two-electrode  sandwich  configuration  the  elec¬ 
trodes  are  nearer,  and  the  materials  under  study  substitute  the  Pt 
counter  electrode.  Therefore,  these  could  be  factors  to  consider, 
particularly  because  in  the  two-electrode  device  the  ohmic  drop 
is  smaller  (the  rectangular  form  of  the  cyclic  voltammogram  is 
clearer). 
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Time  (s) 

Fig.  4.  Comparison  of  one  charge-discharge  cycle  at  0.5  mA  cm  2  for  all  sym¬ 
metric  and  asymmetric  electrochemical  capacitor  cells  assembled  with  NFC  and 
NFCP  electrodes. 

The  same  two-electrode  Swagelok  cells  were  evaluated  using 
a  galvanostatic  cycling  technique  in  the  voltage  window  deter¬ 
mined  by  cyclic  voltammetry  (±1.25  V),  in  order  to  calculate 
capacitance  values  for  each  cell  and  study  the  behavior  in 
successive  charge-discharge  cycles.  In  Fig.  4,  we  show  the 
charge-discharge  profiles  measured  at  0.5  mAcm~2  for  the  dif¬ 
ferent  two-electrode  electrochemical  capacitor  cells,  where  it 
was  evident  the  enhancing  effect  of  the  polymer  addition  in  the 
electrodes  of  the  asymmetric  and  NFCP-NFCP  symmetric  cells 
with  bilayered  electrodes.  This  enhancing  effect  is  observed  in 
the  higher  time  value  required  to  carry  out  one  charge-discharge 
cycle  (Fig.  4). 

In  Fig.  5,  we  show  the  dependence  of  the  current  density 
applied  (mA  cm-2)  with  the  calculated  capacitance  per  unit  area 
(mF  cm-2,  fill  symbols),  and  per  unit  mass  (F  g-1 ,  hollow  sym¬ 
bols).  In  the  case  of  the  symmetric  cell  with  NFC  electrodes 


we  observed  a  small  increment  of  the  capacitance  values  as  the 
current  density  increased,  suggesting  the  accessibility  of  the  sur¬ 
face  area  for  the  generation  of  the  double  layer.  NFCs  seemed  to 
present  an  open  mesoporous  matrix  [3]  exposing  a  higher  surface 
area,  and  since  the  formation  of  the  double  layer  is  immediately, 
shows  an  independent  behavior  in  the  range  of  current  densi¬ 
ties  applied.  On  the  other  hand,  the  symmetric  cell  with  bilayer 
electrodes  (NFCP-NFCP)  showed  higher  capacitance  values  for 
all  current  densities  applied  due  to  the  polymer  addition  in  good 
agreement  with  Figs.  2  and  3,  but  we  could  not  detect  a  clear  trend 
in  capacitance  values  with  the  increase  of  the  current  density. 
The  synergic  effect  between  NFC  and  PEDOT-PSS  is  similar  to 
other  publications  [3],  where  they  suggest  that  the  tubular  com¬ 
pounds  form  a  volumetric  electrode  and  the  charge  is  distributed 
in  three  directions  due  to  an  open  mesoporous  matrix  of  these 
kinds  of  materials.  On  the  other  hand,  from  the  obtained  val¬ 
ues  it  is  clear  that  the  contribution  of  the  10  wt%  of  conducting 
polymer  as  dispersant  agent  and  electric  conductivity  enhancer 
was  the  main  reason  for  the  increase.  The  conducting  polymer 
revealed  a  dispersant  effect  over  the  nanofibers  at  the  interface 
level  increasing  the  charge  storage  in  the  double  layer.  It  has 
been  previously  observed  that  higher  content  of  polymer  in  the 
electrodes  of  this  type  of  cells,  results  in  increased  capacitance 
values  due  to  a  pseudocapacitance  contribution  [9],  For  the  case 
of  the  asymmetric  cell  (NFC-NFCP),  the  capacitance  values 
were  doubled  compared  to  NFC-NFC  and  were  slightly  lower 
than  NFCP-NFCP  symmetric  cells. 

In  Fig.  6,  we  show  the  capacitance  evolution  in  500  successive 
charge-discharge  cycles  for  all  cells  (NFC-NFC,  NFCP-NFCP, 
and  NFC-NFCP)  using  an  /=  1  mA  cm-2  and  the  same  working 
voltage  window.  The  capacitance  evolution  for  the  symmetric 
cell  with  NFC  electrodes  remained  constant  at  4. 5-5. 5  mF  cm-2 
(2.75-3.5  F  g-1),  inferior  to  the  capacitance  values  for  the  other 
cells.  On  the  other  hand,  the  symmetric  cells  with  NFCP  bilay¬ 
ered  electrodes  showed  the  highest  capacitance  values,  but  were 
not  maintained  during  cycling.  The  capacitance  values  for  this 
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Fig.  5.  Dependence  of  the  capacitance  values  of  symmetric  (NFC/NFC  and 
NFCP/NFCP)  and  asymmetric  (NFC/NFCP)  electrochemical  capacitor  cells 
with  current  density  in  a  voltage  window  of  ±1.25  V.  The  filled  symbols  cor¬ 
respond  to  the  capacitance  normalized  per  geometric  area  (mF  cm-2),  and  the 
hollow  to  the  capacitance  per  mass  (F  g-1). 


Fig.  6.  Evolution  of  the  capacitance  during  500  charge-discharge  cycles  of  the 
different  electrochemical  supercapacitor  cells  using  a  1—  1  mA  cm-2.  The  filled 
symbols  represent  the  capacitance  per  geometric  unit  area  (mF  cm-2),  and  the 
hollow  the  capacitance  per  electrode  unit  mass  (F  g-1).  Non-aqueous  electrolyte 
was  used  ( 1  M  LiClC>4  in  acetonitrile)  and  a  working  voltage  window  of  ±  1 .25  V. 
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cell  decreased  from  11.5  to  lOmFcm-2  in  the  first  50  cycles 
(13%  loss),  and  remained  stable  during  the  next  300  cycles 
(at  lOmFcm-2  or  6.25Fg-1).  Nevertheless,  after  the  cycles 
300-500  a  greater  capacitance  loss  of  15-20%  was  observed. 
This  capacitance  loss  suggests  the  conducting  polymer  degra¬ 
dation  as  has  been  previously  proposed  [10].  It  is  important  to 
point  out  that  the  values  of  the  last  100  cycles  (cycles  400-500) 
were  the  same  as  for  the  asymmetric  cell,  where  the  conducting 
polymer  was  only  used  in  one  electrode.  This  suggests  the  degra¬ 
dation/deactivation  of  the  polymer  only  in  the  amount  equal 
to  one  electrode.  In  this  sense,  Lota  et  al.  [6]  suggested  that 
for  the  electrochemical  capacitor  durability  is  important  that 
the  conducting  polymer  is  use  as  the  positive  electrode,  since 
in  this  case  the  oxidized  state  remains  with  good  electric  con¬ 
ductivity.  In  contrast,  the  conducting  polymer  looses  its  p-type 
conductivity  (dedopage)  and  converts  to  its  insulator  state.  The 
combination  of  two  different  electrodes,  one  of  NFC  as  neg¬ 
ative  electrode  and  the  other  of  NFC/PEDOT-PPS  (NFCP)  as 
positive  electrode,  permits  the  improvement  of  the  cyclability 
in  the  same  voltage  window  without  a  noticeable  influence  on 
the  capacitance  values.  This  effect  can  be  observed  in  Fig.  6, 
where  the  capacitance  values  for  the  asymmetric  cell  remain 
constant  (8. 5-9. 5  mF cm-2;  5-5.5  Fg-1)  in  the  successive  500 
charge-discharge  cycles,  in  good  agreement  with  previous  work 
[11]. 

4.  Conclusions 

We  fabricated  carbon  nanofiber  electrodes  (NFC )  by  a  screen¬ 
printing  technique  modified  by  means  of  conducting  polymer 
impregnation  by  dip-coating  (NFCP),  or  a  dispersion  method 
(CNFCP).  The  bilayered  systems  (NFCP)  and  composites  were 
characterized  using  a  three-electrode  cell  and  a  two-electrode 
EC  cell.  Cyclic  voltammograms  from  three-electrode  cells  gave 
higher  currents  for  screen-printed  electrodes,  suggesting  that  the 
thermal  treatment  at  400  °C  gave  way  to  an  increase  in  electro¬ 
chemical  active  area,  while  the  composite  electrode  fabricated 
by  dispersion  of  NFC  in  PEDOT-PSS  resulted  in  compact  sys¬ 
tems.  Symmetric  cells  assembled  with  NFC  electrodes  resulted 
in  capacitance  values  of  4. 5-5. 5 mF cm-2  (2.75-3.5 Fg-1), 
which  were  maintained  during  successive  500  charge-discharge 
cycles  at  1  mA  cm-2 .  The  effect  of  a  small  amount  of  PEDOT- 
PSS  adsorbed  (10%  by  dip-coating)  over  the  NFC  electrodes 
resulted  in  a  higher  electric  conductivity  and  a  dispersion  effect 
that  provided  more  accessible  area  of  the  NFCs  matrix  for  the 
generation  of  a  double  layer  giving  higher  values  of  capacitance 
(doubled),  particularly  for  the  symmetric  cells  (NFCP/NFCP). 
Nevertheless,  a  15-20%  capacity  loss  was  observed  for  this  sym¬ 


metric  cell  with  bilayered  electrodes,  due  to  conductivity  loss 
due  to  degradation.  On  the  other  hand,  the  asymmetric  elec¬ 
trochemical  capacitor  cell  (NFC/NFCP)  gave  capacitance  val¬ 
ues  slightly  lower  (8. 5-9. 5  mF  cm-2;  5-5.5  F  g-1),  but  with  an 
enhanced  cycle  life  during  500  charge-discharge  cycles.  Future 
work  on  the  capacitance  improvement  of  Columbian  Chemicals, 
Co.,  carbon  nanofibers  is  underway,  based  on  the  study  of  other 
electrolytes  such  as  alkalis  and  acids  [6].  Also,  other  fabrication 
techniques  for  the  composite  electrodes  are  being  studied  for 
comparison  with  the  screen-printing  technique. 
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